To determine the cost-effectiveness of nasal continuous positive pressure (nCPAP) compared with nasal intermittent positive pressure ventilation (NIPPV) in the context of the reported randomized clinical trial. STUDY DESIGN: Using patient-level data from the clinical trial, we undertook a prospectively planned economic evaluation. We measured costs, from a third-party payer perspective in all patients, and from a societal perspective in a subgroup with a time horizon through the earlier of discharge, death or 44 weeks post-menstrual age. RESULTS: From the third-party payer perspective, the mean cost of hospitalization per infant was statistically similar, $143 745 in the NIPPV group compared to $140 403 in the nCPAP group. Cost-effectiveness evaluation revealed a 61% probability that NIPPV is more expensive and less effective than nCPAP. Similar results were found in subgroup analysis from a societal perspective.
INTRODUCTION
Respiratory compromise is among the most common morbidities faced by premature infants. 1 For the smallest and most premature infants, the mainstay of treatment has been intubation and mechanical ventilation. 2 However, the use of invasive ventilation increases lung injury, and in some cases, causes bronchopulmonary dysplasia bronchopulmonary dysplasia (BPD) or even death. 2, 3 Nasal continuous positive pressure (nCPAP) has been shown to decrease the need for, and risks of, invasive ventilation. [4] [5] [6] However, nCPAP either as a first-line therapy or as a bridge to unsupported breathing after invasive support, is not always successful. Nasal intermittent positive pressure ventilation (NIPPV), which provides the same continuous positive pressure as nCPAP with the addition of an intermittent peak inspiratory pressure, has been proposed as a more-effective alternative.
Recently, Kirpalani, et al. 7 reported an international, multicenter, randomized controlled trial that compared NIPPV with nCPAP to prevent BPD or death in infants with birth weights o1000 grams. In the study, the composite outcome of BPD or death was not significantly different between groups (38.4% vs 36.7% in the nCPAP group; P = 0.56).
Although the two strategies of non-invasive ventilation may be equally efficacious, their use may have differing costs. Consequently, we report a prospectively planned economic evaluation alongside the NIPPV trial to determine the economic implications of adopting one therapy over the other with respect to improving survival without BPD.
MATERIALS AND METHODS
The NIPPV study enrolled infants o30 weeks gestation and o 1000g at birth who required non-invasive ventilation. Patients were recruited from 36 sites in ten countries including the United States, Canada, the United Kingdom, Ireland, Netherlands, Sweden, Belgium, Austria, Singapore, and Qatar. In total, 1009 patients were randomized to receive either NIPPV or nCPAP at the time they needed non-invasive respiratory support within the first 28 days of life. Of these, 987 were available for analysis. The primary outcome was reported as a composite of death or BPD, as defined by a supplemental oxygen requirement at 36 weeks post-menstrual age (PMA) or a positive oxygen-reduction test. Infants were followed until 44 weeks PMA, discharge or death, whichever occurred first. The study had 80% power to determine a 20% relative risk reduction in the primary outcome. With the exception of male sex (P = 0.04), the baseline characteristics of the NIPPV group and nCPAP group were not different. No significant difference was observed for the primary composite outcome of death or BPD between the two groups (38.4% in the NIPPV group vs 36.7% in the nCPAP group; P = 0.56) or in secondary morbidity outcomes. The details of the trial have been previously reported. 7 The research ethics boards at both McMaster University and the participating centers approved the original trial.
The prospectively planned economic evaluation was completed alongside the clinical trial using individual patient-level data. In the primary analysis, a third-party payer perspective was used; a secondary analysis from a societal perspective was performed for the subgroup of sites at which parental questionnaires, detailing lost productivity and out of pocket costs, were administered. Although the clinical trial reported outcome data at 36 weeks PMA, resource utilization was collected until 44 weeks PMA. The time horizon for the economic evaluation was thus through the latest of discharge, death or 44 weeks PMA. This end point is inclusive of the trial end point of 36 weeks but optimizes the assessment of downstream costs. For the primary analysis, due to unavailability of full costing data in several countries, which together contributed~35% of enrolled patients, unit costs from one of three main contributing countries-United States, United Kingdom or Canada-were applied to the remaining sites. The choice of which set of costs to apply was based on the similarity between the countries' health expenditures as a percentage of their gross domestic product. 8 Conversion to 2013 currency was completed for all direct and indirect medical costs using country-specific health consumer price indices. [9] [10] [11] Country-specific currency was converted to US dollars using purchasing power parity. 12 Resource utilization data were gathered alongside the trial in a detailed daily report of all resources used by the infant. From these forms, the total number of hospital days at each of several levels of acuity, based on respiratory support requirement, was determined. A per diem rate inclusive of all hospital [13] [14] [15] and physician services 16, 17 at that acuity was assigned as described previously in economic evaluations alongside neonatal randomized trials. 14, [18] [19] [20] Hospital per diem costs included nursing and other support staff time, diagnostic procedures, nutrition (both enteral and parenteral), respiratory support, hospital overhead and capital equipment. Physician per diem costs covered physician time and services. Additional resources related to the intervention or the primary outcome were costed separately from the per diems in order to improve the accuracy or because of their frequency or magnitude. These included certain medications (antibiotics, antifungals, caffeine, diuretics, erythropoietin, indomethacin, ibuprofen, inhaled corticosteroids, inhaled bronchodilators, inhaled nitric oxide, surfactant and vitamin A), surgeries (surgery for necrotizing enterocolitis, laser surgery for retinopathy of prematurity and patent ductus arteriosus ligation) and other procedures (chest X ray, abdominal X ray, echocardiogram and packed red blood cell transfusion). [14] [15] [16] [17] 21 A total cost for hospitalization was determined for each patient as well as an average per patient for each arm of the study (NIPPV vs nCPAP). In order to optimize external validity to the main participating countries in the clinical trial, a post hoc secondary analysis was completed using patient and cost data from the United States and Canada exclusively. These countries were chosen as they represented the majority of the patients in the study.
Finally, a subgroup analysis from a societal prospective was completed. To obtain parent out of pocket costs and lost wages, parents were asked to complete a survey alongside the clinical trial, which queried potential sources of cost related to their child's hospitalization, including as time missed from work, meals, transportation, childcare and lodging. This was used with modification from one previously reported in the literature to reflect an inpatient vs outpatient experience and to include items such as lodging, transportation and meals. 19 Costs appropriate to the country of residence were applied to each resource and a total out of pocket cost and wage loss was derived. [22] [23] [24] [25] [26] [27] [28] [29] This was then added to the third-party payer costs to obtain a total societal cost. Countries in which 450% of patients completed parental surveys (the United and States and Canada) were included for the subgroup analysis. Only patients with completed parental surveys were included in the subgroup. If a survey was completed but contained missing values for costs, imputation based on patients from the same country was used for missing values. Missing cost values occurred for only six cost categories leading to a total of 5 to 24% of values requiring imputation.
First, we completed a direct cost analysis, in which we compared the mean costs for each treatment arm, without consideration of effectiveness. Because of the skewed nature of cost data, we modeled the logarithm of the mean costs using a generalized linear model with a logarithmic link function and gamma distribution. 30 Next, we calculated the incremental cost-effectiveness ratio (iCER) as the difference in mean costs between the two study arms, divided by the difference in mean effect between the two study arms. We expressed effectiveness as the inverse of the published outcome, survival without BPD at 36 weeks corrected gestational age.
We assessed uncertainty using nonparametric boot-strapping. 31 To accomplish this, we simulated repetitions of the study by obtaining 1000 samples, with replacement, of the 987 patients from the original data set. For each sample the mean costs, mean effects and the iCER were calculated. 30, 32, 33 Additional deterministic sensitivity analysis was accomplished by recalculating the iCER with costs for all per diems and resources varying from 50 to 400% of the original cost, in order to account for broad plausible differences in local cost structure.
Institutions administering the questionnaire received approval from their respective ethics review boards along with the clinical trial approval. The economic evaluation analysis itself was considered exempt by the Beth Israel Deaconess Medical Center Committee on Clinical Investigations and the University of Florida Institutional Review Board.
RESULTS
Resources used by each group from the time of randomization to the primary end point (death, discharge or 44 weeks PMA) are summarized in Table 1 . Resource utilization for medications and procedures between the two groups did not differ significantly. Hospitalization in the NIPPV group was 89 days compared with 87 days in the nCPAP group (P = 0.28). Similarly, infants in the NIPPV group spent 33 days receiving either non-invasive ventilatory support (defined as nasal CPAP or NIPPV), whereas those in the nCPAP arm received 30 days of this level of support (P = 0.07). Table 2 shows mean costs for hospital fees, physician fees, medications and procedures as well as parent costs in those applicable patients. The NIPPV group had higher absolute mean total costs for each category except medications, as well as for total hospitalization ($143 745) compared with the nCPAP group ($140 404), for a difference in mean costs of $3341, but these were not statistically significant. From the clinical trial, the mean difference in the proportion of survivors without BPD was − 0.017. As shown in Table 3 , calculation of the iCER resulted in a negative value, confirming that NIPPV was dominated; that is, more costly and less effective ( Table 3) .
The iCER plot (Figure 1) shows the precision of this estimate. Differences in mean cost and mean effectiveness between treatment and control arms, for each of 1000 bootstrap replications, are shown. The upper left quadrant contains 61% of these replications corresponding to the probability that costs were higher and efficacy lower in the NIPPV arm. Moreover, only 8.6% of the replications lie in the lower right quadrant, which indicates The non-invasive ventilation trial ME Mowitz et al it is unlikely that NIPPV is dominant-that is, both less costly and more effective than the use of nCPAP. Figure 2 shows the bootstrap results plotted on a 'costeffectiveness acceptability curve'. 34 This shows whether NIPPV would be economically acceptable to a decision maker at any given threshold of the iCER. Notably, even a high willingness-topay threshold of $300 000 per survivor without BPD the probability that NIPPV would be economically desirable is only 23.5%. The $300 000 willingness-to-pay threshold is felt to be high, and in line with other studies, given the majority of these infants will be asymptomatic at 1 year of age. 14 We also completed deterministic sensitivity analysis in which we varied the costs from 50 to 400% for each of the cost variables: hospital per diem, physician per diem and medication and procedure costs (Table 4) . For each scenario, the iCER was recalculated and found to be similar despite the variation in costs.
Because most of the patients were from the United States or Canada, a post hoc subgroup analysis using patients and their Figure 1 displays the incremental cost-effectiveness plot for the primary analysis. The difference in effects is seen on the x axis, whereas the difference in costs is seen on the y axis. Each dot represents one boot-strapping replication.
appropriate costs from only the United States and Canada was completed (n = 723). The results again were similar although overall the mean costs were higher, at $162 603 in the NIPPV arm and $159 335 in the nCPAP arm. The iCER plot also remained similar, with 60.5% of replications falling in the (dominated) upper left quadrant, and 10.7% of the replications in the (dominant) lower right quadrant. Finally, to obtain a societal perspective, parent costs were included in a subgroup analysis for patients from countries in which 450% of families participated in the parental survey. This included the United States and Canada (n = 413). Overall parent costs were comparable between the two arms of the study and did not change the results seen in the primary analysis. The parent costs in the NIPPV arm were $3610 while in the nCPAP arm were $3577. In addition, the iCER plot again showed the majority (54%) of the replications in the dominated upper left quadrant.
DISCUSSION
For this economic evaluation of two interventions with similar clinical efficacy, we used patient-level data from a multi-center, international, randomized controlled trial. Even at willingness-topay thresholds well above those typical for interventions in this field, the probability is very low that NIPPV, as used in this clinical trial, is economically desirable. We found neither a clinical nor an economic rationale for adoption in this population.
Exploratory analysis of resource drivers suggests a trend of increased time on non-invasive support (NIPPV and nCPAP) in the NIPPV arm, and similarly a trend toward increased overall length of stay. Although these trends may not affect outcome clinically, they do appear to be the source of higher costs in the NIPPV group. Because nCPAP and NIPPV were recorded similarly, we were unable to determine if the increase in days on non-invasive support was due to transition from NIPPV to nCPAP prior to discontinuation of non-invasive support or a longer need for noninvasive support.
When the societal perspective was incorporated, the cost differences and distribution of the iCER plot remained the same. Most of these parental costs came from time missed from work. To our knowledge this is the first prospective economic evaluation ancillary to a neonatology randomized controlled trial to include measured out of pocket expenses to families of preterm infants. Although there was no impact on the cost difference between trial arms, the absolute family expenses were substantial. This suggests that they might be relevant in another intervention and should be routinely included in economic evaluations ancillary to randomized controlled trials.
One limitation in our study is the inability to distinguish between the daily hospital personnel and ancillary cost to provide respiratory support using NIPPV vs nCPAP, or the daily hospital cost of different types of delivery devices for the same type of support. Current billing schemes do not differentiate between these non-invasive strategies. Of note, although the capital cost may differ between the devices themselves, this cost when amortized over many patients is trivial and was therefore not included. The true cost difference in care of infants on differing levels of support would ideally be studied by a time-motion study, but to date no such literature exists.
Because unit prices for all aspects of neonatal care were unavailable in some countries (corresponding to 35% of enrolled patients), we applied unit costs from one of three fully-costed countries (United States, United Kingdom or Canada) based on the similarity of their healthcare expenditure as a percent of gross domestic product. Importantly, these unit costs were applied to measured resource tallies at the patient-level. Moreover, our study conclusions were unchanged when conducted only for the Figure 2 . Figure 2 displays the cost-effectiveness acceptability curve. The x axis shows the willingness-to pay in US dollars, whereas the y axis shows the probability that the iCER lies within the threshold. Abbreviations: nCPAP, nasal continuous positive pressure; NIPPV, nasal intermittent positive pressure ventilation.
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United States and Canada in the subgroup analysis, suggesting that validity was unlikely to have been adversely affected by this imputation.
CONCLUSION
The majority of formal evaluations of other therapies in the NICU, including caffeine, higher transfusion thresholds, inhaled nitric oxide and earlier treatment for retinopathy of prematurity, have shown economic favorability. 14, 18, 20, 35 Formal economic evaluations showing a common NICU therapy to be economically unfavorable or economically equivalent are uncommon. It is unclear whether this is due to negative publication bias or to a hesitation to proceed with retrospective economic analysis when the clinical trial reports a negative outcome. This is arguably a missed opportunity. Decisions regarding adoption of new therapies are typically made based on clinical efficacy, although recent efforts across many specialties, highlighted in the American Board of Internal Medicine Foundation's Choosing Wisely Campaign, have demonstrated that both effectiveness and economic desirability are now essential factors in such policy decisions. 36, 37 In this context, the current study calls into question NIPPV as a non-invasive strategy when compared with nCPAP. More generally, our findings support the concept that clinical outcomes are not always in line with resource and economic implications; we suggest that routine concurrent economic evaluation should be considered alongside all significant randomized controlled trials.
